How a single fertilized cell generates diverse neuronal populations has been a fundamental biological problem since the 19 th century. Classical histological methods revealed that postmitotic neurons are produced in a precise temporal and spatial order from germinal cells lining the cerebral ventricles. In the 20 th century, DNA labeling and histo-and immunohistochemistry helped to distinguish the subtypes of dividing cells and delineate their locations in the ventricular and subventricular zones. Recently, genetic and cell biological methods have provided insights into sequential gene expression and molecular and cellular interactions that generate heterogeneous populations of NSCs leading to specific neuronal classes. This precisely regulated developmental process does not tolerate significant in vivo deviation, making replacement of adult neurons by NSCs during pathology a colossal challenge. In contrast, utilizing the trophic factors emanating from the NSC or their derivatives to slow down deterioration or prevent death of degenerating neurons may be a more feasible strategy.
Here, we present a view of neural stem cells (NSCs) and their derivatives, which begins at their initial discovery and then moves forward to the time to their contemporary descriptions and classifications. We intend to highlight the significant diversity and complexity in this cellular population, the importance of timing, and the similarities and differences between NSC across mammalian species as they pertain to promises and cautions associated with their potential use for therapeutic intervention.
Age of Rationalism: Origin of Neural Stem Cell Research
The realization that human brain development begins from the initially multipotent dividing cells did not start with the introduction of the term NSC in the mid-late 20 th century, but at the second half of the 19 th century. Old masters then recognized, with the use of histological methods, that dividing cells in the embryonic human brain are different from the similar cells in other organs. These cells, which were usually called matrix or germinal, divide close to the ventricular surface (VZ). Upon neuronal commitment, they stop dividing and migrate to a final position where they remain for the rest of the individual's life. To our knowledge, this concept was first clearly formulated by Swiss neurologist Wilhelm His (1831 His ( -1904 . He made a simple observation that mitotic figures (which signify cell division in histological preparation) are localized close to the surface of the human cerebral ventricles but are virtually absent in the overlying cortex that is forming below the outer, pial surface (His, 1874 (His, , 1904 . He concluded that the germinal cells (which he called Kimzellen) produce over time all classes of neurons, which then migrate from the place of their origin to increasingly more distant locations. His' concept that progenitors of the brain consist of two separate lines that generate neurons and glial cells was shared by Retzius (1893) , but opposed by the proponents of the pluripotential germinal cells (e.g., Kö lliker, 1879). In addition, in spite of some recent claims to priority, he also recognized asymmetrical cell division, by which one daughter cell remains attached to the VZ and her twin migrates away ( Figure 1 ). For some of his discoveries, subsequently explained in more detail in his book published in 1904, His was a serious contender to coshare the Nobel Prize with Ramó n y Cajal and Golgi, had he not died before it was awarded in 1906. His' absence on the awards stage may in fact have prevented some additional controversies, as some of his ideas, particularly the concept of spongioblasts as progenitors of glial cells, were contested and later proven incorrect. The introduction of the DNA replication marker 3 H [thymidine] in the mid 20th century increased interest in germinal cells and enabled a better delineation of their positions in the vertebrate embryonic brain. As a result, the Boulder Committee formed by the American Association of Anatomists in 1970 standardized the heterogeneous and confusing nomenclature for the developing vertebrate central nervous system and suggested that the proliferative ventricular and subventricular zones are the source of all neurons and macroglia of the central nervous system (reviewed in Bystron et al., 2008) . This framework, which was based on the human cerebrum, has been widely adopted as a generic description for development of the entire vertebrate central nervous system. While the site of the active proliferative zones is not in question, the way they produce the diversity of neuronal and glial cells is. One of the dividing cell types in the developing brain that has a history of changes in its name and its role in development is the fetal glia, also discovered originally in the embryonic human brain by the old masters using the silver impregnation method (Golgi, 1885; Kö lliker, 1879; Magini, 1888; Ramó n y Cajal, 1899) . Some of their conclusions, such as that the initial bipolar neuroepithelial cells (now considered NSCs) eventually transform into a fetal glioblast that produces astrocytes, were by necessity based on morphological criteria (Figure 1 ). The glial nature of these cells was confirmed a century later by the use of electron microscopy and GFAP immunohistochemistry (Levitt and Rakic, 1980; Rakic, 1972) . More specifically, in the macaque fetal forebrain, radial glial shafts have ultrastructurally distinct composition, including an abundance of GFAP and a difference in cytoplasmic density from the adjacent migrating neurons. In addition, they have numerous lamellate expansions that protrude at right angles from the main shaft that terminates with one to several endfeet at the pial surface. The studies in primates have led to the concept that these elongated processes of fetal glial cells that span the thickness of the convoluted primate cerebrum serve as guides for migrating neurons (see Rakic, 1988 for review).The molecular characteristics, basic cell shape, and radial orientation in structures ranging from the spinal cord to the large primate cerebrum have inspired the name ''radial glial cells'' (RGCs) because it includes the term ''glia,'' favored by the old literature, as well as the term ''radial,'' which refers to their basic orientation and connection between ventricular and pial surface, but avoids the term ''fetal,'' since they are not confined to the prenatal period (Rakic, 1972; Schmechel and Rakic, 1979b) . This name has been generally accepted for all vertebrate species (Parnavelas and Nadarajah, 2001 ) in spite of the substantial species-specific differences in the timing of their transformation from the neuroepithelial cells Parnavelas, 2003, 2006; Rakic, 2003a Rakic, , 2003b . For example, in primates, some GFAP-positive RGCs appear during early embryonic development (Choi, 1986; deAzevedo et al., 2003; Gadisseux and Evrard, 1985; Kadhim et al., 1988; Levitt et al., 1981; Levitt and Rakic, 1980; Rakic, 1972; Schmechel and Rakic, 1979b; Sidman and Rakic, 1973; Zecevic, 2004) , and a subpopulation stop dividing transiently (Schmechel and Rakic, 1979a) to provide stable scaffolding for the formation of the large and convoluted cortex Zecevic, 2003a, 2003b) .
Age of Romantic Exuberance
The introduction of the new term ''neural stem cell'' about two decades ago and development of advanced methods to study cell lineages in vivo (Gage et al., 1995) and in vitro (Lendahl et al., 1990; Reynolds and Weiss, 1992; Temple, 1989) transformed the field and led to an unprecedented level of expectation that NSCs might be used to replace virtually any type of neuron lost from neurodegenerative disorders and brain trauma (e.g., Clarke et al., 2000; Horner and Gage, 2000) . Since this time, NSC research has also given us new insights into the regulation of cell division and programmed cell death, both of which determine neuron number. Patterns of gene expression have been elucidated, including the role of various transcription factors that influence regional differentiation and regulate broad aspects of mitotic activity, fate choice, and differentiation. These aspects have been the subject of numerous reviews, including some articles in this special issue of Neuron, and will not be discussed here in any detail, except in cases where they may serve to help understand the history of the subject.
The terminology of various subtypes of dividing cells and their offspring, however, was never clearly defined, and each investigator now chooses the terms that he or she likes, with the hope that others will understand what he or she means. Heackel originated the term ''stem cell'' (''Stammzelle'') (Haeckel, 1868) ; the more specific name ''neural stem cell'' became popular only in the early 1990s (e.g., Chu-LaGraff and Doe, 1993; Mackay-Sim and Kittel, 1991) , and though widely used, it is not precisely defined (see Breunig et al., 2007 for discussion) . Embryonically, the term usually refers to the early population of dividing cells, traditionally called neuroepithelial cells, which line the VZ and have the potential to give rise to both neurons and glial cells; it is also sometimes used, however, to describe the cells that translocate to the SVZ, which are also called intermediate amplifying progenitors (IAPs) or intermediate neuronal progenitors (INPs). Recent studies have also provided more detail about the transient neurons and proliferative cells outside the classical neuroepithelium and those in additional ''abventricular'' cellular compartments (Bielle et al., 2005; Bystron et al., 2006; Carney et al., 2007; Smart et al., 2002; Zecevic et al., 2005) , e.g., subpial granular layer (SPG) (reviewed in Bystron et al., 2008) and outer subventricular zone (OSVZ) in primate and rodent (Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2010; Shitamukai et al., 2011; Wang et al., 2011) . Some of these latter cell types already have multiple names in the literature, so providing consistent definitions and labels for the many cells present in the developing system remains an important task.
Although developmental neurobiologists have spent the last decade increasingly finding that NSCs have intrinsic properties related to their spatial and temporal characteristics, adult NSCs, beginning more from a standing start, are only recently becoming progressively better characterized. It is now understood that the adult brain contains a large number of stem cells throughout virtually all regions (Gage, 2000) . In addition, new neurons are produced in discrete sites-even in the human brain (Eriksson et al., 1998) . Furthermore, human embryonic stem cell (hESC) and induced pluripotent stem cell (IPS) technology offers a potentially unlimited source of NSCs for clinical use (Mattis and Svendsen, 2011) . A number of recent studies indicate that we will need to use our knowledge of neurodevelopment and cell specification to coax these seemingly pluripotent cells into more precise, differentiated cells for transplantation. The promise of this technology is great, but so are the challenges that need to be surmounted prior to practical use.
Prior to studies by Reynolds and Weiss (Reynolds and Weiss, 1992) and Steve Goldman (Kirschenbaum et al., 1994) , transplantation experiments largely involved grafting experiments using immortalized cell types or the transplantation of embryonic progenitors-both prospects having rather severe limitations for clinical use due to the potential for aberrant growth or limited source material, respectively (Gage and Fisher, 1991) . With the finding of self-renewing adult NSCs came the realization that stem cells capable of producing all neural cell types could be potentially harvested (Clarke et al., 2000) . Over the next decades, advancements in culturing and sorting techniques were made (Gage et al., 1995; Pastrana et al., 2009; Roy et al., 2000) . Furthermore, embryonic stem cells derived from the blastocyst-stage embryo provided a virtually unlimited source of NSCs for research and clinical usage (Thomson et al., 1998) .
At approximately the same time, NSCs in the postnatal brain were beginning to be characterized in situ in a more comprehensive manner. New methods, predominantly centered on the combination of immunofluorescence, confocal microscopy, and bromodeoxyuridine (BrdU) labeling led to a renaissance in the study of neurogenesis in the forebrain (Cameron and Gould, 1994; Kuhn et al., 1996) . High-profile but nonetheless isolated reports had existed prior to this, detailing the generation of new neurons in the postnatal SVZ and hippocampal dentate gyrus (Altman, 1962; Altman and Das, 1965) . This area of research quickly exploded and was galvanized by the finding of evidence for neurogenesis in the hippocampus of relatively aged human cancer patients (Eriksson et al., 1998) . Furthermore, methods were developed for culturing human neural progenitors, which increased the potential that transplantation methods could be developed for widespread clinical use (Svendsen et al., 1998) . Importantly, the precise nature and character of NSCs were characterized in vivo (Garcia et al., 2004; Doetsch et al., 1999; Seri et al., 2001) . While these emerging descriptions provided an initial compelling glimpse into NSCs in the rodent brain, questions began to arise regarding the similarities and or differences in cell types between different mammalian species.
The Middle Ages: Highlight of Diversity The initial primate studies, which identified the components and basic rules of NSC neurogenesis, have been extended and elaborated using mainly the mouse and rat as model systems, which allows the use of modern techniques to study gene expression and the mechanisms by which specific types of neurons can be produced. The principle of early specification of neurons through diversification of NSCs applies also to other parts of the nervous system, such as the spinal cord (e.g., Jessell, 2000) . As explained below, the data collectively indicate that many aspects of NSC regulation and production are common across mammalian species, but that certain cellular components of the developing system have been modified or expanded to increase neuronal production and formation of evolutionarily novel traits in primates (Smart et al., 2002) . For example, there are types of NSCs in the outer SVZ of the embryonic forebrain that are markedly expanded in primates (Bystron et al., 2008; Smart et al., 2002) . Thus, our schema in Figure 2 includes data in human and nonhuman primates in addition to the data obtained in rodents, which demonstrate large overlaps in cellular diversity. It is important to acknowledge, however, that the precise lineage relationships and lineage potential of these rodent and primate neural precursors have not yet been precisely identified. Future work to understand the mechanisms by which NSCs generate the diversity of their resulting progeny within and between species is critical before this important cellular resource can be controlled to mitigate developmental disorders or for clinical therapies in adults.
One longstanding assumption has been that modulation of NSC proliferation during embryogenesis is a key factor in specifying brain size and for generating size differences between mammalian species. Increased understanding of how growth factors control NSC development and neuronal survival have enabled long-term cultures of brain tissue to discover how the kinetic properties of VZ cells are regulated. The duration of each integer cell cycle (Tc) in the NSC population is considered a critical factor in controlling the rate and extent of neocortical expansion Rakic, 1995) . Several in vivo and in vitro studies indicated large differences in Tc between mouse and monkey, with the primate cell cycle up to five times longer at the comparable developmental period (Haydar et al., 2000; Kornack and Rakic, 1998; Lukaszewicz et al., 2005; Takahashi et al., 1995) . When integrating the results from these multiple studies, however, there are several caveats to consider. First, comparisons of Tc in the mouse VZ measured in vivo and in vitro (in organotypic slice cultures) have demonstrated that Tc lengthens as much as 200% in vitro. For example, while the Tc of the E13.5 mouse VZ is 11.4 hr when measured in vivo, it lengthens to 22.4 hr in an organotypic slice culture. Thus, despite the increased survival and support of brain slices engendered by the newfound appreciation of growth factors, important elements regulating proper cell-cycle progression are likely not present in the culture medium surrounding the mouse slices. Since the Tc in human embryonic telencephalon can only be measured in vitro, determining the degree to which Tc is lengthened in primate slice cultures is critical.
To answer this key question, several studies using the cumulative BrdU labeling technique were compared to analyze VZ proliferation profiles in mouse, monkey, and human embryonic telencephalon in vivo and in slice cultures (Takahashi et al., Initially, neuroepithelial cells constitute the major class of NSCs. During the neurogenic phase, these give rise to radial glia (RG), which can self-renew or generate neurons directly. However, RGs can also generate classes of progenitor types such as intermediate neural progenitors (INPs) , which divide in the SVZ, or short neural progenitors (SNPs), which contact and divide at the VZ surface, both of which can generate neurons. RG transition into neurogenic SEZ astrocytes and SGZ radial astrocytes during the gliogenic phase is shown. In addition, radial glia can give rise to ependymal (EL) cells, oligodendrocytes (OC), and astrocytes (AC) pre-and perinatally and in the adjacent dentate gyrus (DG) into prolonged postnatal stage.
1995; Kornack and Rakic, 1998; Haydar et al., 1999; T.F. Haydar et al., 2000, Soc. Neurosci., abstract) (Figure 3 ). This comparison reveals several key findings that support the conclusion that primate and rodent NSCs are fundamentally and intrinsically different. In particular, while Tc doubles when mouse brain slices are cultured, the nonhuman primate Tc is not appreciably lengthened in vitro when compared to age-matched in vivo measurements. Second, the Tc in comparably staged human and nonhuman primates is highly similar (Figure 3) ; moreover, Tc values from both primate species are substantially longer than in the comparably staged mouse VZ. It is well established that there are considerable differences between human and rodent NSCs (e.g. Jakel et al., 2004 ), but it is not understood why duration of cell cycle can be measured in minutes in Drosophila, in hours in rodents, and in days in primates. Furthermore, it seems paradoxical that the largest brain, which needs to produce more neurons, has the longest cell cycle. One straightforward interpretation of these results is that primate NSCs retain specific intrinsic cues regulating their proliferation, while rodent NSCs rely more heavily on diffusible signals within the extracellular milieu that are lost when slices are cultured in vitro. Nevertheless, these studies clearly demonstrate that particular mechanisms of primate VZ cell proliferation need to be taken into consideration.
Apart from modulation of cell-cycle progression, specialization in the neural precursor population was recognized to be one of the main strategies used to control the extent and complexity of brain growth in mammals. The evidence from the masters at the light and electron microscopy levels indicated that the constituency of the primate ventricular neuroepithelium is more heterogeneous than in the rodent. These classical studies have been confirmed recently by studies using contemporary labeling techniques to demonstrate a remarkable variety of RGCs in fetal human neocortex. Zecevic and colleagues have found that the fetal human VZ contains multiple types of precursors dividing at the surface of the ventricle, including RGCs stained with GLAST and GFAP as well as cells either singly expressing or coexpressing bIII-tubulin and phosphorylated neurofilaments (SMI-31), the latter two of which are thought to be neuronal-restricted progenitors (Howard et al., 2006; Zecevic, 2004) . In addition, a dividing cell type expressing neither RGC nor neuronal-specific markers is abundant at the surface of the human VZ, indicating that additional precursor/stem cells have yet to be discovered (Howard et al., 2006) . However, when RGCs from human fetal VZ/SVZ were isolated at mid-term and (E) Data from cumulative BrdU labeling studies on mouse (blue), monkey (black), and human (red) neocortical slice cultures. The slope of the rising phase of the plots = GF/Tc, where GF is growth fraction, or maximum number of proliferating cells in the VZ, and Tc is the cell-cycle duration. The level of labeling index (LI) saturation (maximum) at later time points defines the GF, or total population of proliferating cells. The time at which the maximum LI is reached is Tc À Ts, or the duration of the cell cycle minus the duration of S phase. Bar, 100 mM.
genetically labeled in vitro, they generated all three neural cell types: neurons, including interneurons (Yu and Zecevic, 2011) ; astrocytes (Mo et al., 2007) ; and oligodendrocytes (Mo and Zecevic, 2009) .
Although a plethora of dividing precursors has been identified in the developing primate VZ, molecular techniques initiated approximately a decade ago, including in vivo retroviral labeling and transgenic targeting, suggested that the rodent VZ contains a homogeneous population of RGCs. Rodent RGCs undergo self-renewal, generate neurons directly, and give rise to the basal INPs in the SVZ (Noctor et al., 2004) expressing the transcription factor Tbr2 (Englund et al., 2005) . Hence, rodent RGCs essentially perform all of the roles required for neocortical growth (Tbr2+ SVZ progenitors are distinguished by their transient localization in the SVZ and association with capillaries (Javaherian and Kriegstein, 2009; Stubbs et al., 2009) prior to terminal division and migration to the cortical plate). However, this RGC-centric model has been modified by several studies using retroviral labeling, in utero electroporation, as well as other molecular methods such as cell sorting and time-lapse imaging, which indicate that RGCs can be antigenically and functionally separated into several groups (Hartfuss et al., 2001; Parnavelas et al., 1991; Pinto et al., 2008) . In addition, the discovery of the short neural precursor cell (SNP), which is located in the neocortical VZ and divides at the VZ to produce neurons, demonstrates that diversity of the dividing cell population in the VZ is important for proper neocortical growth, even in rodents (Gal et al., 2006; Stancik et al., 2010) . The cohabitation of the rodent VZ by RGCs and SNPs closely resembles the arrangement of GFAP+ and GFAPÀ cells in the primate VZ. Unlike RGCs, the SNPs do not contact the pial surface and are molecularly distinct as they express the tubulin alpha-1 DNA promoter but not the Glast promoter expressed by RGCs.
Despite the power of the techniques used to highlight this newfound cell diversity, many of these cell types can be missed or misclassified, even when using modern methods, if they are not bolstered by more time-consuming studies at higher levels of resolution or by using more elemental identifiers, such as gene expression. For example, while the cell division of multiple types of dividing precursors in the VZ has been monitored with time-lapse imaging, the cells with even substantial differences in morphology can be missed or misclassified if they are not reconstructed using classical methods with higher resolution, such as electron microscopy. In part to provide better resolution of cell type, recent studies have begun to use molecular analyses to highlight cell diversity. For example, SNPs and RGCs have been further differentiated by their use of the Notch signaling pathway; RGCs contain activated Notch while SNPs do not (Mizutani et al., 2007) . This finding supports the distinction between the cell types as well as the conclusion that SNPs undergo fewer self-renewal divisions compared to RGCs (Stancik et al., 2010) . These data suggest a basic neurogenic theme in the VZ: NSCs in the VZ of the developing rodent and primate telencephalon divide to generate neurons as well as additional classes of dividing progenitors (such as Tbr2+ INPs, SNPs, and OSVZ cells), which amplify the total neuron output. In primate VZ, this mechanism appears more robust and has likely been modified to include additional RGC and progenitor cell types that act in concert to produce the vastly larger pool of neurons during development. Beyond this, recent global transcriptome analysis of human brain development suggests that there has been rapid human-specific evolution of cis-regulatory elements leading to differentially regulated regional expression of genes in different cortical areas ). This may partially underlie some of the major species-specific differences. Taken together, these studies indicate that NSC biology is extremely complex and that allocation into segregated stem and progenitor cell populations is a key element of proper brain development. These and other studies in rodents carefully set the stage for and demarcate the limits of endogenous stem cell activity and potential. These boundaries are now being tested in the burgeoning field of adult stem cell manipulation and therapeutic intervention.
Epoch Nouvelle: Back to Rationality During the early part of this century, tissue-specific stem cells continued to receive significant attention due to rapid methodological advances in viral labeling, mouse genetics, and development of culturing methods (Wagers and Weissman, 2004) . As a result of new lineage studies, the boundaries that had seemingly existed for decades seemed to fall as reports of hematopoietic cells becoming brain cells, including neurons, appeared (Brazelton et al., 2000; Mezey et al., 2000) . Furthermore, neuronal addition to areas beyond the hippocampus and olfactory bulb were suggested (Gould et al., 1999; Zhao et al., 2003) . However, many of these claims have failed to hold up to scrutiny, seemingly due to methodological reasons (Ackman et al., 2006; Alvarez-Dolado et al., 2003; Breunig et al., 2007; Castro et al., 2002; Kornack and Rakic, 2001 ).
However, it did become evident that NSCs could produce functional neurons in vitro and in some areas in vivo in rodents as well as in some other mammals. For example, areas of adult neurogenesis, such as the hippocampus and subventricular zone, allowed neurogenesis from transplanted NSCs (Gage et al., 1995) , including hESC-derived NSCs (Muotri et al., 2005) . Other regions, such as the substantia nigra, were recalcitrant to neurogenesis (Lie et al., 2002) . Endogenous NSCs in the hippocampus and olfactory bulb in young adult mice did proceed through the differentiation profile characteristic of embryonic neurons (Carleton et al., 2003; Song et al., 2002) . These neurons integrated into existing circuits and produced action potentials (van Praag et al., 2002) . Interestingly, in rodents, levels of neurogenesis are highly variable among strains and can be appreciably altered up or down by different types of environmental stimuli. For example, running (van Praag et al., 1999) and seizures (Parent et al., 1997) are among the most potent stimulators of neurogenesis. Ischemia has also been shown by several groups to provoke reactive neurogenesis in the hippocampus (Liu et al., 1998) and SVZ (Iwai et al., 2003) . However, global ischemia has also been reported to stimulate the generation of interneurons from layer 1 progenitors (Ohira et al., 2010) . Conversely, stress (Gould et al., 1997) and models of depression (Malberg and Duman, 2003) can decrease neurogenesis.
The extent and relevance of endogenous neurogenesis in the human brain remains unclear. The lack of definitive methods for tracking the birth of new cells in the brain of living humans or even postmortem has left us with more questions than answers.
For example, while there is some evidence that there is neurogenesis in the adult human hippocampus, the existence of olfactory bulb neurogenesis remains controversial (Sanai et al., 2004 (Sanai et al., , 2007 , and the existence of the rostral migratory stream after childhood has not been proven (Sanai et al., 2004; Weickert et al., 2000; A. Alvarez-Buylla, personal communication) . A novel technique based on retrospective 14 C-based dating has indicated that there is virtually no turnover of neocortical neurons, but other areas have not yet been examined (Bhardwaj et al., 2006) . Histological methods indicate that the decrease in neurogenesis seen during rodent aging (Kuhn et al., 1996) is increasingly severe in primates (Jabè s et al., 2010; Kempermann, 2011; Knoth et al., 2010; Leuner et al., 2007; Seress et al., 2001 ). Thus, despite the possible existence of neurogenesis in the adult human hippocampal dentate gyrus, the relative amount of newly generated neurons appears to be significantly smaller than those found in other mammals and even more so when compared to lower vertebrates.
However, just as we began to become comfortable again with the somewhat rigid natural bounds of cell fate and lineage potential, a remarkable discovery was made by Yamanaka and colleagues. Using four factors, Oct3/4, Sox2, c-Myc, and Klf4, they demonstrated that fibroblasts could be converted into pluripotent stem cells (Takahashi and Yamanaka, 2006 ). This was quickly followed by confirmation by several groups using human cells and refinement of the methods (Leuner et al., 2007; Meissner et al., 2007; Okita et al., 2007; Takahashi et al., 2007) . In the very brief period since these findings, in the context of neurobiology in particular, many significant findings have been made. Notably, it was found that NSCs, which endogenously express Sox2, Klf4, and c-myc, can be reprogrammed by a single factor, indicating that they exist close to a pluripotent ground state (Kim et al., 2009 ). More recently, using a strategy aimed at avoiding the prolonged period required for reprogramming to pluripotency and then subsequent lineage commitment, Wernig and colleagues found that three factors, Ascl1, Brn2, and Myt1l, had the capability of converting fibroblasts into functional neurons (Vierbuchen et al., 2010) . Even more simply, it has been demonstrated that astroglia can be reprogrammed in vivo to become neurons by single proneural genes (Heinrich et al., 2010) .
Nevertheless, clinical replacement of neurons is years if not decades away. However, IPS technology in particular has been employed for a novel purpose-disease modeling (Mattis and Svendsen, 2011) . IPS technology allows for more rapid and faithful examination of the disease process in neural cells derived from patients with neurodegenerative disease. In the past, such neural cells could only be harvested postmortem and typically at the end stage of the disease (Jakel et al., 2004) . Now, a virtually unlimited source of neural progenitors can be derived from reprogrammed fibroblasts derived from living patients and can be coaxed into becoming any cell of interest. IPS cells have so far been isolated from a great many neurodevelopmental and neurodegenerative diseases, including Rett's syndrome (Hotta et al., 2009 ), Fragile X (Urbach et al., 2010 , spinal muscular atrophy ), Huntington's disease (Zhang et al., 2010) , and amyotrophic lateral sclerosis (ALS) (Dimos et al., 2008) . However, while these models open up exciting new avenues of study, they bring a host of new challenges, such as designing cell-type-specific differentiation protocols, choosing proper controls (Mattis and Svendsen, 2011) , and the fact that human neurons in particular have a lengthy differentiation period. In addition, this technology promises patient-derived tissues for future transplantation (see Figure 4 for a comparison of NSC sources for clinical use). However, it is questionable whether this technically demanding technology will reach the economies of scale and safety requirements necessary for such a promise.
Recently, a host of practical issues have arisen in the form of aberrations that may be commonplace due to the selective pressures inherent to the reprogramming process. These issues include chromosomal aberrations (Mayshar et al., 2010) , somatic mutations (Gore et al., 2011) , abnormal DNA methylation (Lister et al., 2011) , and copy number variations (Hussein et al., 2011) . It is important to note that these issues may not be specific to IPS cells, as trisomy has been documented in human neural progenitors as well (Sareen et al., 2009 ). In any case, it is the pluripotency of these cell types and their extended derivation times that increase their potential for tumorigenicity (Ben-David and Benvenisty, 2011) . This issue has already arisen clinically in the case of NSC transplants. Notably, transplanted fetal NSCs were linked to tumor growths in the brain and spinal cord of a young ataxia telangiectasia patient (Amariglio et al., 2009 ). This particular case was unregulated, and the number of cells injected was very large. However, even with proper oversight, this may in the end be one of the biggest safety hurdles to overcome.
In addition to making transplantation of reprogrammed cells affordable and safe, one of the major hurdles thus far left unsolved is to incorporate all of the sequential steps of neuronal differentiation and synaptic development. In particular, forming new projection neurons in the human brain will be a monumental challenge. Consider the case of a Betz cell, which synapses in the lower spinal cord and which is frequently lost in ALS (Udaka et al., 1986 ). If we were to imagine that the cell body was the size of a tennis ball, the axon would then extend several miles and would be roughly the diameter of a garden hose. Besides the tens of thousands of dendritic synapses that would need to be formed, the axon would need to find its target, starting as a growth cone a considerable distance way. This would all have to transpire within a milieu lacking the guidance cues that are normally present only during a limited window during development. Apart from these practical issues and the host of other intrinsic issues involved in neuronal regeneration and transplantation (accurate cell delivery, potential immune suppression, etc.), there is the growing appreciation that NSCs, whether in vitro or in vivo, have intrinsic specification that may limit the cell types that can be produced upon differentiation (Gaspard et al., 2008; Hochstim et al., 2008; Merkle et al., 2007; Rakic et al., 2009) . Indeed, transplanted hESC-derived neurons seem to obey the in vitro specification program when transplanted in vivo (Gaspard et al., 2008) . Beyond this, there was a flurry of findings recently that a small proportion of transplanted cells acquired the pathology of the host tissue (Brundin et al., 2008; Kordower et al., 2008; Li et al., 2008) . Thus, even if we can successfully coax stem cells to replace neurons in vivo, the battle may already be lost for some of them.
Others have taken advantage of the ''bystander'' or ''chaperone'' effect of NSCs in transplantation strategies aimed at preventing or ameliorating neurodegeneration (see Breunig et al., 2007 for review) . Basically, it has been found that NSCs secrete neurotrophins, growth factors, and other beneficial proteins that promote neuronal health and function. For example, it was found that NSCs ameliorated cognitive functions in a model of Alzheimer's disease not through neuronal replacement but due to their secretion of BDNF (Blurton-Jones et al., 2009 ). Other groups are taking these properties of transplanted cells and enhancing them with transgenes such as GDNF. In a rat model of ALS, such cells migrated to the sites of degeneration, differentiated into glia, and were able to preserve motor neurons at early and end stages of disease (Klein et al., 2005; Suzuki et al., 2007) . Beyond their use as protein factories, many diseases characterized by primary glial deficiencies (e.g. myelin disorders) (Ben-Hur and Goldman, 2008) may provide more feasible clinical targets for NSCs and glial progenitors in the near-term (Windrem et al., 2008) . Indeed, at this time a number of clinical trials aimed at using transplanted NSCs or NSC-derived glial cells are underway.
Our understanding of NSCs has progressed at an accelerating pace. Starting with the descriptions and insights of the old masters and continuing through the current era of genetic lineage tracing, a picture is beginning to emerge to explain the broad mechanisms of neurogenesis and brain development in general. Nevertheless, key questions remain regarding the generation of neuronal diversity and how this can be replicated in vitro. Neurodevelopmental findings and studies using cell culture and transplantation are coming to the conclusion that NSC potency is directly related to the spatial and temporal location of NSCs in vivo or to the methods of their derivation and subsequent handling in vitro. In vivo studies indicate that the precise sequence of neurogenesis, neuronal fate determination, and final positioning is essential for proper formation of functional connections. Thus, the development of protocols to direct differentiation of specific types of neurons and to place them in the appropriate location with the remaining cues necessary for their functional integration is the next major objective. Beyond this, challenges may arise in translating findings from lower organisms to human NSCs, which, as we have documented, appear to have unique properties. While neuronal replacement may not be among the ''low-lying fruit'' of regenerative medicine, clinical uses of transplanted NSCs and glia may not be so far off, as a number of clinical trials are underway. A great deal of basic neurodevelopmental questions remain to be answered, from basic mechanisms of cell fate choices to the details of circuit formation. Many of these future insights will likely inform the clinical use of transplanted cells. Going forward, especially in terms of CNS protection and regeneration, a continued interplay between basic neurodevelopment and translational neuroscience will be necessary for the most efficacious progress.
